INTRODUCTION
There is a sense of crisis around the nation's health, as there is around food.
On one side is the epidemic of obesity-diabetes (among other rising chronic diseases) and the huge future costs they portend. Medical costs of obesity in the United States are estimated as $147 billion annually, and climbing 1 ; combined with other diet-related chronic disease (cancer, cardiovascular disease, stroke, and diabetes), that figure could be as much as 5 times higher. 2 On the other side are outbreaks of foodborne illness, food contamination scares, volatile food prices, and "food deserts," not to mention drought and water shortages, soil depletion, climate change, fishery collapse and other events with significant-albeit less direct-impacts on nutrition and health. Clearly, both food and health systems are under stress. How might the two be related? Figure 1 combines trend data on food spending from the US Dept of Agriculture 3 with health spending data from the Organization for Economic Co-operation and Development (OECD). 4 The contrast is striking. From 1970 to 2003, Americans' per capita health care spending increased from $353 to $5711 annually, whereas real median household income increased from about $41,000 to just over $50,000 from 1970 to 2007. 5 Barring policy change, the trend for health care spending is steeply upward. At the same time, Americans spend fewer total dollars on food as a percentage of disposable income than ever before. In 1930, for example, it was about 24%. Today, it is just 9.6%, about a third lower than the 14% figure for 1970. 3 There may be no direct association between the two trends. Engel's law, from the field of agricultural development, states that as incomes grow the share of household income spent on food will decline, and the United States as a nation has certainly grown wealthier since 1970. 6 Putting food and health spending trends side by side, however, does raise a provocative and worthwhile question. How much health do America's food dollars buy?
To get a deeper and broader understanding of the health of the American food supply, this essay looks beyond retail food prices to the entire "food system." (The food system encompasses not only the production of food but its harvest, processing, distribution, and marketing as well; increasingly, the American food system cannot be considered separately from the larger global context in which it plays such a major role.) Focusing on the food production portion of the food system, the essay highlights and offers exemplars of the interconnectedness of food, agriculture, the environment, and health. The essay first reviews how industrialization, technology, and other economic forces, like globalization, have shaped the food system. A holistic or integrated discussion follows of the impacts of this transformation on both human and ecosystem health. The third section puts this information in the context of US farm and food policy and its changes over the last 80 years. The essay concludes that concerns about the health and sustainability of the food system are closely linked. Food, after all, is sustenance. Our bodies cannot do without it. Beyond that, what farmers produce and how they produce it impacts on health regardless of how narrowly or broadly one defines that term; food production affects nutrition, public health, the social health of rural communities, and the health of agro-ecosystems. Conversely, if our current food system undercuts the long-term ability of foodproducing lands and waters to remain resilient and productive in the face of climate change, population growth, and other major challenges-as many longtime observers now fear-then how healthy is that?
INDUSTRIALIZATION, TECHNOLOGY, AND GLOBALIZATION
Prior to the late 1950s, farms in the upper Midwest, the American "Corn Belt," grew row crops like corn and soybeans but only on about half the farmland, where it was interspersed with other small grains, hay, and pasture. Grain, hay, and pasture on the farm typically were not commoditized or sold but were fed to one or more kinds of animals on the same farm. 7 It was a type of food production system where the farming and the health of the ecosystem were closely linked and environmental degradation was uncommon, as Altieri and Nicholls 8 have described:
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[C]rop yields in agricultural systems depended on internal resources, recycling of organic matter, built-in biological control mechanisms and rainfall patterns. Agricultural yields were modest, but stable. Production was safeguarded by growing more than one crop or variety in space and time in a field as insurance against pest outbreaks or severe weather. Inputs of nitrogen were gained by rotating major field crops with legumes. In turn rotations suppressed insects, weeds and diseases by effectively breaking the life cycles of these pests. (p. 13).
The farm family lived there on the farm and performed most of the labor themselves with little or no hired help or specialized machinery. 8 They too were an integral part of the agro-ecosystem; their health and well-being were intimately tied to it. That typical integrated Midwestern farm of a few decades ago is well on its way to extinction.
What Is Meant by Industrialization?
Over the last 150 years, industrialization slowly transformed American agriculture, including the mindset of farmers ( Figure 2 ). New technologies have been one important driver of industrialization: the advent of cheap, abundant fossil fuels; the innovation of new higher-yielding plant and animal breeds; farm mechanization; and changes in railroads, highways, and other transportation infrastructure, as well as in refrigeration, making it easier to ship agricultural products to distant points. Industrialization has transformed American agriculture from a local, smaller-scale enterprise where most of the needs of the farm were met by on-farm resources into a much more specialized enterprise, one consolidated into ever fewer and more massive farms, where off-farm resources such as fossil fuel energy, pesticides, and fertilizers are used intensively. Specialization means that whereas the typical American farm once produced many different things (e.g., corn, oats, wheat, chickens, hogs, cows, milk, etc.), including both crops and animals, it now produces just one or two commodities, and Perspective: The farm as a factory with "outputs" (corn, soy, animals) and "inputs" (feed, fertilizer, pesticides, antibiotics)
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• Delinked animal and plant agriculture Today's Food System: How Healthy Is It? 255 crop production has been "delinked" from the raising of food animals to which most grains and other grasses on the farm used to be fed.
The specialization, scale, and resource intensiveness of industrialized agriculture all impact on human and ecosystem health in ways that are best appreciated from a systems perspective. For example, the delinking of crop from animal production has rendered infeasible a number of practices that historically provided important services adding to the health and resilience of the food production system. Rotation of corn with soybeans or other nitrogen-fixing crops helped replenish soil nitrogen; the growing of multiple crops ("multicropping") also helped to suppress the lifecycles of pests and disease. 8 Animals once provided cheap horsepower for crop production, and animal manure plus crop refuse (corn stover, etc.) in turn was recycled to restore organic matter and fertility into soil as part of a low-cost, closed-loop system. Soils high in organic content can sequester more carbon, better resist erosion, and help retain more rainwater, making them more resilient during drought. Indirect impacts of the loss of these ecosystem functions on human health are discussed in the following section.
Over the last 5 decades especially, the changes begun under the initial industrialization of agricultural crystallized into what Lang and Heasman have termed a productionist mindset-placing short-term quantity or yield over all other priorities. This has become the dominant 20th-century outlook for the food system not only in the United States but globally. 9 What Does Agricultural Industrialization Look Like?
Under industrialized or productionist agriculture, rural farm landscapes have transformed in appearance; once diverse landscapes, agro-ecosystems comprised of mixtures of crops, animals, pastures and woodlots, have given way to "monocultures"-ever-larger homogeneous farms, specializing in a single commodity. In ecological and economic terms as well, this transformation has been dramatic. In some counties in the heart of the Corn Belt over 90% of farmland is planted in corn or soybeans 7 and increasingly in just corn. Moderately sized Iowa farms (100 to 500 acres) are disappearing 10 ; of the farms that remain, 60% are larger than 1000 acres. 7 Economies of scale in the production of single commodities, or monocultures, helped precipitate the trend toward larger farms, with more acres under till. 7 Ever larger machinery meant that greater acreage in corn and soybeans could be planted and then harvested in very narrow calendar windows, sparing labor. 11 Specially designed seed varieties plus the use of insecticides made it possible in the short term to grow only corn, year after year, without significant yield consequences. Herbicide-tolerant soybean breeds also have reduced the summer hours previously needed to "walk the beans" for the control of weeds.
Since Corn Belt farms are increasingly devoted to monocultures of single crops, crop farmers have no animals to tend, and the help of machinery, fuels, and new seeds means less time than ever is required to plant, weed, and harvest their huge acreage. As a result, today's crop farmer has few reasons to be on the farm for most of the year. Second jobs are typical. From within the industrial agricultural economic model, these changes typically are perceived as gains in efficiency.
Bigger machines and chemical-intensive production has made farming much more capital intensive, however. An estimated half a million dollars in capital are required to support a farm today, raising a significant economic barrier for the entry of new farmers. 12 With more than 60% of farm operators 55 years of age or older in 1997, this looms as an important issue.
In addition, because crop farmers are now delinked from the animalrelated fertilizer and recycling practices that previously added health and resilience to on-farm systems, they have turned instead to off-farm resources or "inputs." Along with specialization, the intensive use of these inputs is a hallmark of industrialized production. Moving from horses or oxen to mechanized tractors, farmers traded farm "tools" that could be fed on forage to ones fed only on fossil fuels. Crop monocultures, made possible by the use of hybrid seed varieties fertilized with inorganic off-farm, natural gasderived fertilizers, have replaced diverse multicropping systems that were fertilized by on-farm manure or other organic residues. Crop monocultures, however, also encourage pest outbreaks by concentrating the opportunities for pests (rodent, insect, and weed) of these crops to thrive while also undermining the integrated ecosystems that might play host to the natural enemies of these pests. 12 The new plant hybrids, like "Roundup Ready" corn or soybeans, therefore have been specially designed to tolerate heavy applications of herbicides without being killed themselves. The patented seeds, which must be purchased annually from off-farm, in some cases replace seeds collected on-farm for free by the farmer. The herbicides too are derived from off-farm petroleum.
Movement of animals off-farm has made the on-farm use of organic manure impractical or uneconomic or both. What has been lost is more than just an inexpensive, on-farm source of fertility. Over the past few decades, crop farmers who had animal barns or fences remaining on their property came to see them as unproductive assets and got rid of them. Now, nondiversified crop farmers can no longer "hedge their bets" when grain crops fail or the prices are low, by raising and selling animal products-their production model is more vulnerable by virtue of its lack of diversification. As will be discussed, public policy has encouraged this transformation.
Moving the discussion from crop to food animal production, the increased specialization in industrialized agriculture also has meant that animal operations focus on producing just one species, and increasingly, one age range for that animal; for example, facilities devoted to only small, "weaner" pigs that are later shipped to other facilities for maturing to slaughter size. Larger-scale production means hundreds or thousands of hogs or poultry typically are confined indoors in a single building, with many such facilities clustered spatially and often regionally. Large animal numbers mean large quantities of manure waste are generated and concentrated in these areas as well.
Off-farm resources used intensively by these industrialized animal facilities include feed grains, water and energy, as well as antibiotics and other feed additives. The poultry and hog industries are the most industrialized. The most delinked from pasture-based production, they are the systems most based on indoor confinement of animals and therefore on feeding animals a diet of feed grains rather than of crop residues or the other by-products on which animal production had previously relied. The poultry and hog industries consume over 75% of cereal and oilseed-based concentrated animal feeds, worldwide. 13 Corn and soybeans constitute 83% to 91% of these feed grains, and so 55% to 65% of the US corn crop and 45% to 50% of its soybeans are consumed by domestic livestock and poultry. 14 Lacking the associated cropland to spread manure as fertilizer, largescale industrial livestock producers have found few alternatives other than to waste it. The manure cannot be economically transported for any distance. It therefore is often disposed of in ways that lead to nutrient runoff and pollution of surface and/or groundwater resources. USDA data demonstrate that the largest industrial hog operations tend to be those with the most manure pollution problems; that is, where manure is disposed of as waste product rather than a productive resource. 15 Industrialization of the food system, it is important to note, has been happening globally. Further, industrialization has occurred all along the food supply chain, as processors acquired the capacity to preserve, store, and distribute huge volumes of food. Over recent decades, these food processors grew both horizontally (by buying competitors) and vertically (by buying their own suppliers and distributors), leading to market concentration. Eventually, this growth gave rise to increasingly global trade of grains, meat, and other food products, which in turn became another driver in the further industrialization of the food system. US trade "liberalization" policies in food have had the effect of reinforcing these patterns.
Globalization of the food system has had impacts on patterns of resource use and pollution, as well as on social health. 9, 16 Power in the food system is shifting from the production end to food processors and retailers that operate globally, and this has important health implications as well. 16 For example, contractual agreements increasingly bind the financial interests of farmers to the interests of both the buyers of their output and the suppliers of their inputs. 12 By 1997, just 163,000 farms accounted for over 61% of total American farm production, and 63% of those produced a single agricultural commodity under contract to consolidated firms, often global in nature. 
IMPACTS OF INDUSTRIALIZATION ON HUMAN AND AGRO-ECOSYSTEM HEALTH
Food production, human health and welfare, and the state of the world's natural resources are inherently connected. "Growing food is among the most essential services our ecosystem provides, since it is fundamentally dependent on the world's atmosphere, soils, freshwater and genetic resources," according to Rosamond Naylor of Stanford University. 6 More simply, people need food to survive and thrive. The health and sustainability of the America's agro-eco food system is a human health issue, therefore. Yet a number of leading experts in systems biology, agro-ecology, and public health now question that sustainability. 6, 8, 12, [17] [18] [19] That hallmark of industrialized agriculture, the intensive use of resources, is at issue. The unsustainable rate of use of renewable resources, like groundwater and soil, is one dimension. The intensive use of nonrenewable resources, especially including fossil fuels but also pesticides and antibiotics, is another. 19 A third issue is that intensive resource use, when combined with the lack of natural cycles to reuse these resources on the farm, creates wastes that not only pollute air, soil, and water quality but also pose health risks to the people relying upon them. Risks to human health can be acute in nature, such as the risk of pesticide poisoning. More often, they are longer-term risks experienced by populations downstream or remote in time compared to when the pollution first occurred. The pollution of groundwater resources with nitrogen, the development of environmental reservoirs of antibiotic resistance, and climate change fall into this category. The following section describes a few of these problems in greater detail and begins to make some of the links between them, as well as offering examples of the interconnectivity of health and agro-ecological sustainability.
Water
In its 2000 National Water Quality Inventory, the Environmental Protection Agency (EPA) identified agriculture as a pollution source in 48% of polluted river and stream waters (which comprised 39% of all US rivers and streams assessed for water quality) and in 41% of polluted lakes (nearly half of all US lakes assessed). 20 Industrialized farming practices are largely to blame because they contribute disproportionately to silt and to the runoff into water bodies of pesticides, fertilizers, and other chemicals and of nitrogen and phosphorous in animal wastes. 19 Airborne pesticides can drift onto water resources, for example, or pesticides can run off directly from croplands into groundwater and surface waters, potentially affecting wild flora, fauna, and humans. Potential health impacts of agricultural pesticides are discussed later; pesticide contamination of municipal drinking water systems also increases water treatment costs. Excess nitrogen in surface waters can impair aquatic ecosystems; nitrogen runoff into the Upper Mississippi River from the Corn Belt, for example, is considered one of the major causes of the sizeable dead zone in the Gulf of Mexico, where nutrient-fueled algal growth ultimately creates a sea "so depleted of oxygen that fish, shellfish, and other aquatic life cannot survive there." 21 (p. A242) In the human gastrointestinal tract, the nitrates in drinking water may be converted into nitrite, which can cause "blue baby syndrome" (methemoglobinemia) in infants; they also have been associated with higher risks of miscarriage and some cancers, including cancers of the bladder, ovaries, and non-Hodgkin's lymphoma. 22 Besides pollution, production agriculture reduces the amount of fresh water available for other, nonagricultural purposes, which will become increasingly problematic as climate change and population growth place additional demands on limited water resources. Crop production alone accounts for around 80% of all fresh water used in the United States for any purpose. 23 Corn is a particularly thirsty crop. Irrigation occurs on roughly 15% of corn acreage, consuming energy as well as limited water resources. Most irrigated corn draws its water from the Ogallala Aquifer, the largest groundwater resource in the United States, which also provides drinking water to some 2 million Americans. 13 By 1980, overdrafts of the Ogallala had led in some parts of Kansas, New Mexico, Texas, and Oklahoma, to local declines in groundwater levels of more than 100 feet; between 1980 and 1999, groundwater levels dropped another 40 feet to more than 60 feet in several areas of the same region. 24 Further water level drops could render irrigation prohibitively expensive in this important production area for wheat, corn, and other crops.
As discussed, the majority of US corn and soybeans is fed to animals as feed grains. In fact, feed grain production accounts for nearly all the water and the majority of the nitrogen resources "consumed" by US food animal production. About 20% more irrigation water in the United States-an estimated 20 km 3 per year-is for feed grains destined for export rather than for use in producing meat consumed by Americans. 25 "Through its corn exports," note Galloway et al, "the U.S. is rapidly depleting a scarce environmental resource and exacerbating water conflicts, while not being fully compensated for its loss." 13 (p. 626)
Soil
Besides water, soil is another critical basis for long-term fertility in food production. Existing agricultural practices mine soils of their organic matter and leave them nitrogen depleted. One quarter to one third of US soil is estimated to have been lost over the last 200 years; soil erosion is most associated with the annual production of cereal grains: corn, wheat, rice, oats, etc. 18 Under preindustrial agricultural conditions, it is estimated to have taken 200 to 1000 years to gain 2.5 cm of new soil. 26 USDA data from 1997 indicate instead that every 34 years US agriculture is losing an amount of soil equivalent to a 2.5-cm-deep layer spread over every acre of cropland in use. 12 Wes Jackson points out the irony that spectacular gains in agricultural yields over the last 100 years have come in no small part due to the virgin soil "wealth" handed to America's farmers; that resource wealth is now being spent down, making future gains in crop yields less and less likely. 18 Nonrenewable resources used intensively in industrialized agriculture include pesticides, fertilizers, fossil fuels, and antibiotics. Because industrialized agriculture generally lacks practices to sustainably cycle these resources within the production system, they often become wastes that further undercut human and agro-ecosystem health.
Pesticides
The degraded soils and monocultures typical of industrialized agriculture can lack an intact ecosystem's natural resilience to suppress disease and pests. Compensatory practices therefore have included the widespread use of pesticides, largely derived from petroleum. US insecticide use increased 10-fold from 1940 to 1989, for example, although application rates may have declined slightly since then. 27 In addition, the widespread adoption in industrialized agriculture of pesticide-tolerant plant hybrids, such as "Roundup Ready" corn and soybeans, has led to an estimated 50 million more pounds of pesticides used in their first 8 years. 28 Pesticide use in general has translated into the routine exposure of American consumers at low levels to a complex, untested mixture of multiple pesticides 29 ; the typical diet of conventionally raised fruits and vegetables can be expected to carry multiple pesticide residues. 30 Pesticides are designed to be toxic, and "nontarget" organisms like native plants, wildlife, and humans often are harmed along with pests. Many pesticides can weaken animals' immune systems, including in frogs and honeybees, leaving them less protected against natural stressors or infection 31, 32 ; honeybees are essential pollinators for $10 billion worth of US crops, yet pesticides likely have contributed to a crisis in dropping numbers of honeybee colonies. 32 With around 900 chemical ingredients EPA registered as pesticides, however, it can be difficult to generalize about human toxicity to the entire group. Moreover, surveillance of human populations for impacts from agricultural pesticide use has been infrequent and limited in scope. One non-annual report from the independent Poison Control Centers (PCCs), however, indicated that agricultural pesticides resulted in at least 58,000 unintentional human poisonings in 2002. 33 One physician group's comprehensive scientific review has found that pesticide exposures likely contribute to a number of chronic diseases, including several kinds of cancer and adult neurological diseases including Parkinson's; children have been found especially vulnerable to similar problems. 34 In the last 2 years, studies conducted using data from 89,000 Americans enrolled in the Agricultural Health Study also have associated exposure to certain pesticides with heightened risks for pancreatic cancer, 35 bladder cancer, 36 colon or rectal cancer, 36, 37 and diabetes. 38 It is chronic diseases, typically with multiple cofactors, that now drive most illness and health care costs among Americans.
Nitrogen
When crop and food animal farming were more closely linked, farmers routinely used the nitrogen and phosphorus nutrients in animal manure, applied to land at appropriate rates, to help renourish and fertilize soil and the crops subsequently grown on it. When nutrient levels in soil are not too high and sufficient organic matter is present in soil, for example, soil bacteria can immobilize manure nitrogen by converting it into nitrates to be later taken up by nitrogen-needing plants, like corn.
By contrast, farmers producing monocrops intensively (and without animal manure) try and compensate for a loss of soil fertility by relying on the use of chemical fertilizers. US agriculture in 2007 used nearly 23 million tons of chemical fertilizers, of which about 58% were nitrogen based. In effect, using the 80-year-old Haber-Bosch process, manufacturers convert the fossil carbon contained in natural gas into a feedstock for fixing atmospheric nitrogen and then applying it to the land; roughly 1% of the world's total energy consumption is devoted each year to making about 100 million tons of synthetic nitrogen fertilizer in this way. 39 Of synthetic nitrogen fertilizers used in the United States, around 43% are applied to the corn crop. 40 Only about one third to one half of the applied nitrogen is absorbed by plants themselves 41 ; much of the remainder is "lost" to soil, air, or water. Longer term, these practices undercut sustainability because they deprive the soil of carbon in manure or crop residues that would otherwise be tilled in, resulting in a net loss to the soil's native organic matter. 42 The impact on ground and surface water quality of excess nitrogen applied to croplands has been discussed. Groundwater contamination with nitrates is a costly public health problem, as well; more municipal drinking water supplies have been closed for violating nitrate standards than for any other contaminant. 43 Excess nitrogen in soils, too, can impair soil fertility and reduce plant diversity and biomass production. 19 Nitrogen-intensive crop production also translates into nitrogen waste issues in livestock production. The nitrogen fertilizers used on crops destined for animal feed globally represent about 40% of the manufactured total. 13 From another perspective, feed grain production represents 70% of the consumed nitrogen in industrial animal production. 25 Most of the nitrogen concentrated in these animals via feed grains is then lost to the environment, where it becomes a significant environmental waste problem. In 2003, industrial operations raising livestock or poultry on feed grains accounted for around a half a billion tons of untreated manure, the sheer quantity of which is too great to be responsibly applied to available lands. 15 The largest and most industrial of such facilities, called CAFOs (concentrated animal feeding operations), produced more than half the manure. 44 At the same time, because industrialized crop production often leaves cropland deficient in soil organic matter, it can diminish the land's inherent capacity to absorb and immobilize the manure nitrogen applied there. The "excess" nitratenitrogen from this manure is thereby more available to leach into surface waters or groundwater or, alternatively, to get converted by soil bacteria into atmospheric nitrogen gas, nitrous oxide, and nitrogen dioxide. 43 Nitrous oxide from manure is a potent greenhouse gas, as is discussed below. (Further upstream, nitrogen and carbon contributing to climate change also are emitted during the production and use of nitrogen fertilizers on crops, before they become feed grains and, ultimately, animal waste.) Ammonia from manure also volatilizes and can deposit nitrogen onto soils closer to livestock facilities, causing soil acidification. Ammonia also can irritate the human respiratory tract and lungs.
Carbon
Like other resources, the American industrial food system consumes fossil fuels intensively, accounting for about 19% of the nation's fossil energy use. 45 Of this, around 7% is consumed by agricultural production, with greenhouse gas emissions (2001) of 474.9 million tons of carbon dioxide equivalents (the rest is for food processing and packaging, distribution, and food preparation by consumers). 46 Pimental estimates that per capita energy use in the United States for the food system alone is more than twice the total energy use per capita in Asia and 4 times per capita energy use in Africa.
Monocrop production relies on fossil fuels to run the machinery used to plant, fertilize, and harvest huge numbers of acres within tight time windows; fossil carbon is embedded in natural gas-derived fertilizers and petroleum-derived pesticides as well. The average US farm uses 3 kcal of energy to create 1 kcal of food energy. 19 Fossil fuel consumption is just as integral to industrial meat production. The average American gets 67% of protein from animal sources, nearly twice the global average. 45 Global meat demand also has risen 75% over the last two decades, driven by rising population and incomes; more and more meat trade is expected to meet this demand, with a 50% increase anticipated over the next quarter century. 25 Whereas plants can utilize sun energy, animals are much less efficient at converting energy into food. For example, chickens require 2 kg of feed grains to produce 1 kg of meat; grain-to-meat conversion for pork and beef is 4:1 and 7:1, respectively. 19 The resource cost to produce meat therefore is higher and reflects the substantial resources consumed in the production of the grains fed to them. The delinking of animal and crop production, combined with the shift of animals from forage or by-products to feed grains, is what makes these trends so significant for fossil fuel consumption and for climate change.
As detailed by the Food and Agricultural Organization (FAO) of the United Nations, food animal production is an important source of carbon dioxide (CO 2 ), methane (CH 3 ), as well as nitrous oxide (NO 2 ) emissionsall are important as air pollutants and as greenhouse gases. 47 Virtually every step of the livestock production process emits carbon or nitrogen into the atmosphere or hinders their sequestration in environmental reservoirs. Animals respire carbon dioxide directly, and ruminants can emit methane from their digestive tracts. Carbon dioxide also is emitted via the fossil fuels intensively used in feed grain and animal production. Most of the nitrogen concentrated in these animals via feed grains also is lost to the environment, via feces and urine. In addition to nitrous oxides, animal manure is a source for carbon dioxide and methane, as well as ammonia and sulfur dioxide, which also are agents of environmental acidification and air pollutants with respiratory health impacts.
Methane is the second most important greenhouse gas, because it is about 21 times more effective than carbon dioxide at trapping heat in the atmosphere; though produced in much smaller amounts, nitrous oxide traps heat 296 times more efficiently than carbon dioxide and persists in the atmosphere for more than a century. 47 Atmospheric levels of these gases, as well as regional concentrations, are determined by the numbers of animals being produced, how and where they are produced including their feed, and the manner in which manure is collected, treated, and distributed.
Industrialized food production greatly impacts climate, therefore, and a changing climate will more greatly impact food production. Climate change will change weather patterns and increase extreme weather, and the resultant increases in heat, drought, and downpours will have significant regional impacts on farming. 48 Because it diminishes soil fertility, depletes aquifers, and erodes the natural protections offered by multicropping and intact agroecosystems against disease and pests, industrialized agriculture leaves the food production system less resilient and more vulnerable to these climaterelated stressors. Even apart from these implications for food production, "climate change endangers health in fundamental ways." 49 
Antibiotics
Industrialized animal production is intensive in its use of antibiotics, in addition to other resources. As much as 70% of all antimicrobials in the United States are given to otherwise healthy beef cattle, swine, and poultry in their feed as a routine part of their production 50 ; half of these antibiotics are thought 264 D. Wallinga to be from 7 drug classes important to human medicine, including penicillins, tetracyclines, erythromycins, etc. 51 US livestock producers routinely give antibiotics in feed to animals without diagnosed disease 52 to promote production (growth), to boost feed efficiency, and to prevent or control the threat of disease among animals being raised industrially; that is, under confinement and stressed, and on an all-grain diet, which leaves them more prone to infection in the first place. Many industrialized countries no longer allow this practice. In countries or situations where these industrial conditions have been modified, large reductions in antibiotic use appear possible. 53 This is important because of the fundamental ecological nature of resistance. Bacteria freely travel within a bacterial ecosystem that includes hospitals and communities, as well as farms. Their routine exposure to antibiotics in the farm setting can select for strains of bacteria resistant to them and that are transmitted to the humans, often via contaminated food. Thus, the more antibiotics used in human settings, or in agriculture, the more it helps to create bacteria resistant to them and to undercut their effectiveness for everyone else. Resistance has progressed to where more bacterial infections in humans are approaching the point of being untreatable.
Effective antibiotics are a classic common good. The "tragedy of the commons" describes the tendency of unfettered individuals to overuse common goods for their own purposes, to the detriment of others who might benefit from them. There is now a great deal of scientific consensus that the routine use of antibiotics in industrialized animal production largely for economic purposes is a significant contributor to the epidemic of antibiotic resistance affecting humans.
52-56 THE ROLE OF FARM AND FOOD POLICY
As technological innovations made industrialization of agriculture possible, and then as productionist thinking took root, public agricultural policies have further supported and encouraged these trends. Agricultural policy is a necessary window for understanding why we have the food system we have today, and yet published research on the policy context of recent decades is limited. The following summary draws from an article in JHEN, 57 Tufts University's working paper, Feeding the Factory Farm, 58 as well as the University of Tennessee's comprehensive 2003 report, Rethinking US Agricultural Policy. 59 A book-length treatment of the topic also has recently been published. 60 Virtually from its nationhood, US policy has promoted growth in its farmers' abilities to produce more, first by settling homesteaders on frontier lands, later through government investments in research stations and extensions services to support and disseminate new agriculture technologies. 59 The focus of these policies, in general, has been production of certain food
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265 commodities-corn, wheat, rice, milk, and later soybeans-that best lent themselves to large-scale production and that farmers in the middle of the country could easily grow, store, and ship long distances to the country's major population centers. 57 As crop farms industrialized and became more specialized in monocropping, the entire support infrastructure for agriculture at the regional level (research, extension, suppliers, storage, transport, distribution, etc) has followed suit, by focusing services on the continued industrial production, processing, and use of the same few crops. 8 A 2002 National Research Council report signals concern that publicly funded agricultural research is biased toward further industrialization. 61 Most public research dollars, for example, continue to be directed toward grain and oilseed production and meat and dairy production, at the expense of investments in vegetable, fruit, or nut production; pasture or perennial crops; or improving the ecosystem impacts of agriculture.
With an ever larger and increasingly urban population, historically there have been good reasons for the United States to expand food production capacity. In addition, there have been times of significant hunger in modern America. This, as well as periodic droughts, maldistribution problems, and war-related famine worldwide, particularly since World War II, lent popular support to the notion that American agriculture should be production driven. The belief then, as it continues to be for many, was that if policies supported rising production, both calories and nutritional benefits would eventually "trickle down" to consumers, making them healthier. This trickledown approach to health and agriculture rested on the further proposition that if America's vast capacity to produce commodity crops were unleashed, it would address not only America's nutritional needs but those in the rest of the world. 9 The very success of production-driven agriculture sowed the seeds of a different sort of problem: chronic overproduction. American agriculture in the 19th and early 20th centuries is replete with examples where supply outstripped demand, prices collapsed, and farmers suffered. During the Great Depression, bumper crops were left in the fields due to the lack of urban demand. Reflecting on this experience, Roosevelt's Secretary of Agriculture, Henry Wallace, thought the federal government needed to act to correct what he saw as a chronic overproduction problem inherent to commodity crop agriculture.
In most industries, markets work to correct oversupply. When there are too many widgets, inventories rise, prices fall, and producers quickly adjust to make fewer widgets. If widget prices stay chronically low, some producers go out of business, which reduces supply and increases prices. Like many economists from the 1920s to today, 58 Wallace based his thinking on evidence showing that for a variety of reasons, markets for corn and cotton crops (soy was not produced then) do not self-correct like those for widgets. 62 For one thing, individual small farmers cannot affect national prices with their decisions on how much to plant, cannot predetermine the weather or disease, and can only make planting decisions once a year; the net result is that farmers will tend to plant as much as they can, regardless of whether market prices for their commodities are high or low. When prices drop so low for so long that some farmers are unable to remain in business, they generally sell to larger entities, which keep producing, leading to increasing concentration and continued overproduction. 14 Increasingly, today, larger producers are part of more vertically integrated companies able to offset low crop prices by profiting from other food products incorporating inexpensive commodities as ingredients.
To secure a food supply for the next generation, it is desirable for a nation to increase production capacity over time. Darryl Ray notes, however, that having the capacity to produce is not a mandate to exercise that capacity. 59 Ray and others maintain that when left to "the market," commodity agriculture will tend to produce to capacity, with nothing in reserve, driving down prices to the detriment of individual farmers.
Observing the market failure inherent to commodity production, Wallace launched several New Deal programs. Their intent was for the federal government "to do for agriculture what it could not do for itself: manage productive capacity to provide sustainable and stable prices and income" (p. 15) for farmers. 59 Government used several mechanisms to manage yearto-year supplies, including asking farmers to idle some productive lands; establishing programs that set a price support or "floor price" that effectively guaranteed a minimum return on farmers' crops and labor; and the creation of grain reserve programs, which, by taking excess grain supplies off the market until prices recover, serves to keep prices stable over time. Combined, these programs provided the framework for some of the most prosperous decades for US farmers. 63 Consumers and food processors also benefitted from predictable, stable prices. The net cost of these programs to the Treasury were relatively small, because some of the reserve programs actually earned revenue by buying low-priced grains and selling them when prices went higher. 64 Starting in 1965, however, and accelerating after the 1971 appointment of Earl Butz as US Secretary of Agriculture, the price support, grain reserves, and other federal programs to manage the supply of commodity crops started being dismantled. In 1974, Butz announced a new "cheap food" policy, where farmers were encouraged to plant "from fencerow to fencerow." The case made by Butz was that by doing everything possible to spur commodity grain production, US farmers would capture insatiable and growing global markets with their cheap, unprocessed commodity grains. 59 Coming on the heels of crop failures overseas, and a temporary spike in global demand and prices for some commodities, many American farmers were persuaded of this notion-despite the lack of supporting evidence and much evidence to the contrary. Convinced that their futures were in commodity crops, farmers shut down their livestock operations and literally tore down the fences and feed troughs. 11 These visual icons, and the linked production of both crops and food animals on a diversified farm that they represented, were gone.
With passage of the 1996 Farm Bill, the last of the supply management and price support tools of the previous 60 years were abandoned. Those advocating for the shift said that stable prices and a managed supply distorted the market and stopped farmers from responding to price signals. 65 The irony is that these programs had been initiated based on evidence (now largely forgotten) that farmers had been harmed by the inherent failure of commodity markets and the inability of farmers of those crops to respond appropriately to price signals. Those programs had worked effectively for decades by making sure that markets would operate to offer farmers a fair and stable price.
WHO BENEFITS FROM INDUSTRIAL POLICIES?
By its own measure, production-led agriculture over the last 60 years has been enormously successful. US farmers pushed corn productivity from just 30 bushels per acre in 1920, for example, to nearly 154 bushels in 2008, a jump of 600%. 19 Based on a USDA survey, farmers in 2009 planted the second highest amount of corn in 62 years-more than 87 million acres' worth. 66 Through around 1970, these gains in production were accompanied by federal policies that succeeded in stabilizing prices and ensuring farm income. But when success is articulated not in terms of production or yield but rather in terms of the health of consumers, of farmers, and of the agroecosystem, then the success of production-led agriculture and the policies supporting it is less clear.
Consumers
The promised benefits from production agriculture to consumers have failed to trickle down in terms of better nutrition. US food production now offers a surfeit of inexpensive calories but not necessarily from foods that Americans need more of to meet healthy eating guidelines. The 2005 Dietary Guidelines for Americans, for example, indicate which foods ought to be eaten in relatively greater quantity: fruits and vegetables, whole grains, low-fat dairy, and lean meats. Yet less than one in 10 Americans meet the guidance for fruit and vegetable intake. 67 Someone eating a 2000-calorie-per-day diet ought to consume 9 half-cup servings (2 cups of fruit, 2½ cups of vegetables) daily, and the typical American eats just 3 servings. 68 Only 1 in 4 Americans eats 5 or more servings per day. 69 Average consumption is just 18% of the 268 D. Wallinga recommended legumes, 35% of the orange vegetables, 36% of the green vegetables, and 43% of the fruit. 70 What foods do Americans consume in abundance? Highly processed "convenience" foods and sodas are the source for many extra fats, sugars, refined grains, and calories in the diet; animal products, meanwhile, are the only source of cholesterol and the primary source of saturated fats. 71 Restaurant-based fast foods, on which American spend in excess of $100 billion each year, comprise a large percentage of the calories and meat within the US diet. 72 Thus, Americans overconsume diets high in calories, fats, sweeteners, and carbohydrates, 73 which in turn contributes to America's high and very expensive rates of cancer, cardiovascular, diabetes, and other diet-related chronic diseases.
The average American's daily energy intake rose by 300 kcal over just 15 years, from 1985 to 2000-the rise is thought to be an important driver of the obesity epidemic. Of those additional daily 300 calories, greater consumption of refined grains accounts for 46%, added fats for 24%, and added sugars for another 23%. 74 To a great degree, the sources of these calories are the few commodity crops for which America's cheap food policy has promoted overproduction and low prices: wheat, soybeans, and especially corn. From essentially zero consumption in 1970, high fructose corn syrup (HFCS) came to account for the entire additional sweetener consumption since 1985, and then some 73 ; Americans today eat or drink about 12 teaspoons per day of HFCS, or approximately 1 in 10 daily calories. 75 Of added fats in the American diet, which have risen 24% since 1985, around 80% are derived from soybeans. "You have a whole régime here that's worked to increase agricultural efficiency," (p. A821) according to Tufts University's James Tillotson. In effect, that regime encourages obesity at the expense of sound nutrition. 76, 77 Numerous studies confirm that these overconsumed, energy (calorie)-dense, and nutrient-poor foods are also among the most accessible, most "affordable" foods in America, as measured by calories per retail dollar cost. [78] [79] [80] Both USDA data (in Figure 3) and community retail food surveys 81 demonstrate they also are the most inflation-resistant foods, meaning that they only get cheaper over time relative to healthier foods like fresh produce. Eating more fruits and vegetables to reduce the energy density of the diet can aid in managing body weight 82, 83 as well as help prevent and reduce the risks of cancer, cardiovascular, and other expensive-to-treat chronic diseases. 84, 85 According to the USDA, healthier diets could prevent over $71 billion each year in treatment costs, as well as in lost productivity and other indirect costs, for these diseases. 86 Yet healthy foods are becoming more expensive for the increasingly obese American population to eat, relative to other food categories.
Most public health or nutrition analyses focus on this shortfall in consumption, but production shortfalls are also important. The USDA has reported that for the entire nation to meet Dietary Guidelines' recommendations with domestically produced fruits and vegetables, acreage devoted to growing produce would need to increase by approximately 13 million acres. 87, 88 At the same time, development is rapidly taking prime farmland out of production nationwide. The problem is most acute for the availability of produce, because 86% of domestic fruits and vegetables come from land under threat. The United States is becoming increasingly dependent on distant suppliers for fresh produce; in 2003, more than twice as many fresh vegetables were imported as were exported. 70 
Farmers
Especially since the early 1970s, American farmers also have not fared particularly well under a production-led food system. After the full removal of supply management and price supports that occurred in the 1996 Farm Bill, supported crops (corn, soy, etc.) came to be significantly overproduced, with market prices falling in real terms. 65 Because fossil fuels, other inputs, and production generally cost more, the lower market prices often have failed to cover farmers' average costs to produce these crops. In Figure 4 , Wise examines USDA data on US gross and net farm income to demonstrate that with the exception of the last few years, net farm income has mostly been declining. 14 Even with the policy, begun in earnest after the 1996 Farm Bill, of direct USDA payments to farmers to grow crops in which America is already America's farmers have not "owned" global export markets for these crops, as was promised with the advent of cheap food policies, nor has demand in export markets functioned to increase chronically low market prices. Instead, predictably, Brazil and Asian countries vastly increased their own production of soy and other grains, serving to keep global prices low. At the same time, the increased volatility in market prices has heightened the risks to farmers. As food supply chains have vertically integrated, and globalized, farmers are receiving less and less of every food dollar spentjust 19 cents worth, today-with food processors, handlers, and marketers getting the balance. The Agro-Ecosystem How does the health of the agro-ecosystem fare from current policies? Many of the costs of American food production are "externalities"; that is, they are external to the industrial economic models that have guided the evolution of both crop monocultures and confined food animal production. As such, these costs rarely get quantified or reflected in public policy decisions. They are real costs nonetheless, with certain impacts on human and ecosystem health.
Michael Duffy and coauthors have estimated some of these externalities, including impacts on natural resources, wildlife, and diversity, and select impacts on humans from pesticides and pathogens as costing society between $9.4 and $20.6 billion per year. 46 This is a conservative estimate. It fails to include, for example, the human costs of the antibiotic resistance to which agricultural antibiotics contribute or any direct or indirect costs of dietrelated chronic disease. When the market or policy-makers overlook these sorts of costs, the ultimate losers are future generations of consumers, farmers, and other Americans. They are the ones who likely will feel most acutely the loss of common goods, who will suffer longer-term health and welfare impacts of having less fertile soils, less abundant drinking water of lesser quality, or less effective antibiotics to nurse them to health when they are sick.
The greatest beneficiaries of farm policies that have kept commodity crop prices mostly low and below what it costs to produce them, on the other hand, are the largest companies buying these crops. These include global grain trading companies, which can buy inexpensive US commodity crops and then sell them abroad. Beneficiaries also include industrial livestock and poultry firms, for whom US corn and soybeans are the major feed ingredients. Feed grains account for around 60% of US poultry production costs and 47% to 65% of hog production costs; their market price is perhaps the largest determinant of how much profit an industrialized chicken or hog producer earns. 14 Global meat producers buy feed on a least-cost basis in international markets and can sometimes shift production to wherever labor and the costs of pollution are lowest. As a share of total meat production, the international meat trade has doubled over the last decade. 25 Burke and Galloway demonstrate that though these global companies may appear to be offering "efficiencies" of production, they may be benefitting more from the extreme delinking of meat production and consumption. 13, 25 Finally, beneficiaries include meat consumers in other countries. In eating meat produced in the United States, they virtually export back to the United States all the externalities of meat production incurred in the United States, including those from the intensive fertilizer and pesticides used to grow feed grains and the serious impacts on air and water quality that occur when animals are concentrated geographically. Due to its large-scale export of feed grains, pork, and poultry meat, US resource use and pollution related to this trade is great. From 2000 to 2002, the United States marketed 62% of global corn exports, largely for overseas livestock and meat production. 90 Models assembled by Burke et al estimate that each year "922,000 tons of nitrogen are left behind in the U.S. due to the production of pig and chicken meat and feed that are exported abroad," (p. 179) 25 an amount almost equivalent to the 1.2 million tons of nitrogen generated by production for meat consumption by Americans. 25 Alternatively, Galloway calculates that half of the nitrogen load represented by Japan's consumption of pork and chicken meat is exported to the United States, where the feed grains are grown. 13 Supporters of trends in industrialized food animal production, and the trade in meat and feed grains, have long argued they are the inevitable result of an efficient market rewarding economies of scale. Starmer and Wise find otherwise, however. 65 They conclude that federal commodity policies, put in place between 1974 and 1996, along with poor regulation of CAFO pollution, have handed global-scale industrialized meat producing companies an unfair discount on operating costs when compared to the competition.
Specifically, the Tufts researchers estimated that large hog producing companies, by virtue of buying feed grains an average of 26% below the actual cost of production from 1997 to 2005, enjoyed an economic benefitan indirect public subsidy, really-worth $8.5 billion. Chicken producers, similarly, saved $11.25 billion in buying feed grains 21% below cost. In both cases, at least half of the total subsidy accrued to the largest 4 companies. 65 When combined with the advantage conferred by lax environmental regulation of their manure emissions, the benefit to a large-scale hog producer compared to a mid-scale, diversified hog producer, growing its own feed grains and recycling manure responsibly on site, is even greater. In an economic climate where the full life cycle costs of producing animal feed were reflected in the market prices, and where manure emissions were more stringently regulated, large-scale hog CAFOs would see their operating costs rise by between 17.4% and 25.7%. 65 CAFOs' apparent economies of scale over smaller, more diversified farms, in other words, may be less the result of inherent efficiencies than they are the result of government policies that have favored large-scale industrialized feed grain and animal production.
CONCLUSION
How healthy is our food system? Of late, public discussion of food and health has mostly revolved around the epidemic of obesity and diet-related disease and chiefly from the consumer or retail food perspective. It is perhaps human nature to want to focus on a single human outcome, like obesity, and to try and find that single missing factor in the food system that can account for it. One can certainly find evidence that the existing food system delivers too much cheap food too easily to consumers, and fresh produce is too scarce and too expensive, for example.
As with all systems, however, it is not one factor that makes for optimal function or dysfunction of the whole. A much broader and deeper understanding of health derives from looking at the food system as an entire system, from consumers back to food processors and farmers, and not only at the food itself but at the health implications of how that food is produced, processed, marketed, and distributed. In addition, the food system is a naturebased system: food and agriculture are inexorably rooted in the natural cycles of soil, air, carbon, nitrogen, and water on which growing things depend.
There are additional reasons for adopting a systems perspective towards food. In Food Policy: Integrating health, environment and society, 16 Lang et al. argue the global food system is at a critical juncture, where better integration of health into food and farm policies is not only desirable but inevitable. Obesity is only one among many crises impacting both the food and health systems. Others include global population growth, climate change, accelerating global meat consumption and demand, the loss of arable land, declining water supplies, nitrogen imbalances, soil loss, and problems of food safety. Because the food system is a system, these crises are interrelated in their impacts. Together, they point to the unsustainability of the current course. Lang's thesis is that society cannot recognize these interconnected problems, or help bring about a food system capable of responding to them, if we continue in our collective failure to integrate health issues holistically into decision-making around food policy.
Looking specifically at the American food system and experience, this essay comes to the same conclusion: Industrialization and production-led thinking, especially that supported and encouraged by US cheap food policies since the mid-1970s, have helped shape a food system that now fails to provide very well for either consumers or farmers. Michael Hamm 70 points out that both the Dietary Guidelines and Healthy People 2010, 91 like public health or nutrition analyses generally, fail to connect food-related problems at the consumer level (underconsumption of healthy foods) to factors elsewhere in the food system that exacerbate them (underproduction or trade policies). Not only the nutritional health of the US food supply is in doubt, however. Food system impacts on our soils, waters, and our supplies of effective antibiotics are increasingly costly, in social, economic, and environmental public health terms.
The American Medical Association has recently noted the disconnect between food policy, health, and sustainability in its 2009 Sustainable Foods report 92 :
outcomes that cost far more to treat with medications and procedures than investments (at societal and personal levels) in healthy food. (p. 7).
The dietetics 93 and public health 94 professions also have recently recognized the importance of healing this disconnect.
The better integration of health and sustainability concerns into food and agriculture policy decisions, as Lang suggests, would not only improve our understanding of the problems of the food system. It also could help bring about a food system that is healthier for consumers, for farmers, and for the agro-ecosystem. No elaborate model for a healthy food system exists, however. Preceding such a model there must first be a more general vision for what a healthy food system should look like. Other articles in this issue describe a more comprehensive strategy for attaining that vision. In light of the evidence presented here, however, it seems clear that sustainability is a prerequisite.
Sustainable food systems will be healthier for a host of reasons: because they reward diversity in food production in ways that will reduce monocultures, and the intensity of resource use and waste that go with them, while enhancing the diversity of foods locally available to American consumers; because carbon, nitrogen, and other potential nutrients can be economically cycled within a sustainable system, rather than becoming pollutants or wastes; and because sustainability requires looking at costs across the entire food system or life cycle in ways that would internalize all the social, environmental, and human costs that have too often been externalized and therefore ignored within the existing industrialized agriculture model.
More concretely, what might be done in the short term to move food and agriculture production policies in the direction of greater sustainability and health? Policy-makers should first consider corrections to the market failures and distortions created by existing policies. The following approaches would be a good start:
• Restore federal "supply management" policies that could again be effective in creating supplies of and prices for commodity crops in the marketplace that will address the tendency toward overproduction while also ensuring farmers can meet their full costs of production. This would also help address some of the market distortions that place healthy foods at a price disadvantage relative to foods based on cheap commodities.
• Consider price supports to farmers to encourage domestic production of the healthy foods that Americans ought to eat, as well as education and research infrastructure to support those farmers.
• Consider policies to lower anticompetitive barriers to entry of new farmers, thereby helping ensure that the nation will have future farmers with the available land, capital, and know-how to grow these crops sustainably.
• Consider federal research policies that would move prioritization away from industrialized production of animal feed crops toward the sustainable domestic production of foods in which American diets are most deficient, according to federal healthy eating guidelines.
• Consider policy directives instructing federal research scientists to incorporate full life cycle costs of agricultural waste and pollution into analyses of the US food and agricultural system. • Consider policies at the state or federal level to tax pesticides and other intensively used off-farm inputs (as other commercial products are taxed) to better reflect the full life cycle costs of their use and as a means of promoting agricultural methods more efficient in the use of these resources.
• Consider policies that could make the agricultural uses of fossil fuels, in particular, better reflect the full cost to the environment and human health of those uses.
• Regulate and/or price agricultural antibiotics to reflect their contribution to the overall problem of antibiotic resistance and to reflect the importance to the common good of having antibiotics that are effective for treating ill animals and people.
Of course, putting US food production on a more sustainable footing cannot solve all the problems confronting the food system today. Even if agricultural sustainability improves production in many settings as research now demonstrates, for example, these productivity gains may be insufficient in the long term to offset the higher demands being placed on agriculture by the combination of population growth and the growth in meat consumption globally. On the other hand, more sustainable agriculture can leave agroecosystems more resilient in the face of other challenges such as climate change, drought, and water scarcity.
